In Europe and USA, in-service diagnosis technique by AE method has already been used for evaluating the corrosion damage of bottom plate of oil storage tank. However, the diagnosis technique is dependent on the empirical method without physical bases such as the mechanism of AE generation due to the corrosion of bottom plates of oil storage tank. And also the relation between the corrosion rate and AE activity has not been clarified yet. This study was designed to clarify AE source and the relation between corrosion rate and AE activity during corrosion of bottom plate in oil storage tank, in particular, on the neutral sand bed. For modeling the corrosion condition which is similar to that of an inservice tank bottom on the neutral sand, the static stress of 382 MPa had been applied on the specimen plates. We investigated experimentally the relation between the corrosion rate and AE activity during the corrosion. Furthermore, the AE source and mechanism were examined based on the SEM observation of corroded surface. From these experimental results, the validity and physical basis for quantitative evaluation of corrosion rate by means of AE was presented.
Introduction
In-service diagnosis technique for corrosion damage evaluation of oil storage tanks is increasingly needed to reduce the maintenance costs. AE method has been considered as a cost-effective one to meet the requirements of inservice inspection of structures. Therefore, in Europe and USA, in-service diagnosis technique by AE method has already been adopted for evaluating the corrosion damage of bottom plate of oil storage tanks (hereafter, tank bottom). Concerning AE corrosion monitoring, there have been basic research works on the following subjects: 1) AE due to the fracture of rust in the air. 1) 2) AE due to the corrosion in an acid liquid 2, 3) or in NaCl solution. 4) 3) Application of AE inspection to evaluate the corrosion damage of tank bottoms. [5] [6] [7] [8] [9] [10] [11] 4) Source location and the propagation of AE waves. [12] [13] [14] However, diagnosis of corrosion damage by AE method for real tank bottoms has been conducted by empirical procedures based on the field data and is still confined to a qualitative evaluation. Besides, AE sources due to the corrosion of tank bottom and the relation between corrosion damage and AE activity are not yet clear. Therefore, the mechanism of AE generation caused the corrosion of them was discussed, and the relation between these two factors were also examined in this study.
Regarding the in-service tank bottoms, two kinds of corrosion processes would be considered. One is corrosion in the acidic environment. [15] [16] [17] [18] [19] [20] The other is corrosion in the neutral environment. As possible mechanisms of AE generation due to the corrosion of in-service tank bottom, the followings can be considered: (a) Hydrogen gas generation or bursting of hydrogen gas bubbles (hereafter, bursting) under the strong acid condition, (b) Cracking of corrosion products according to the corrosion progress under neutral conditions, (c) Stress corrosion cracking under the external load. The mechanism of (a) and the related AE activity behaviors in acidic environment were clarified in the previous paper by the authors. 14, 15) This paper is concerned with the mechanism of (b).
Corrosion Reaction of tank bottoms under the neutral environment
The electrochemical reactions that occur during the corrosion of iron under neutral conditions can be described with eq. (1)- (7) . Equations (1)-(3) explain the first stage of the corrosion reaction of the tank bottom which was built of SS400 steel plate. Equation (4) exhibits the result of reactions (1)- (3) . As the reaction proceeds, the second stage by hydrolysis reaction denoted by eqs. (3) and (5) would occur. Under neutral conditions, the corrosion progress moves to the third stage which is presented in eqs. (6) and (7) . As a result of these reactions, the corrosion products, ferrous oxide and ferric oxide are generated at this stage. According to corrosion progress, the corrosion products layer grows up and their volume expansion give rise to cracking * Graduate Student, Yokohama National University under a certain environmental condition. Cracking of the corrosion products layer is considered to be more activated by the weight of oils contained in an in-service tank. The cracking can be a significant as AE source due to the corrosion of tank bottom on the neutral sand. If there are chloride ions in the sand bed, the surface of tank bottom in contact with the sand will become gradually more acidic at the second stage. Furthermore, the bursting, which is considered as another AE source due to the corrosion of the tank bottom on strongly acidified may occur. 14, 15) In this experiment, corrosion condition was controlled to be similar to an in-service tank bottom. Specimen was set on neutral sand and 380 MPa was loaded on it. During the corrosion, corrosion rate and AE activity were measured simultaneously. From the experimental results, the relation between them was examined. Detected AE signals were analyzed and classified into some groups using AE parameters such as peak frequency and RMS (AE Root Mean Square value of the effective voltage [V]) of AE waveforms. The characteristics of AE waves originated from different AE source were analyzed by the group classification of AE waves and the AE activity of each peak frequency. To verify the AE corrosion monitoring for real above ground tanks, AE source from corroded tank bottom was discussed with the obtained results.
Experimental Procedures
Our experiment is composed of two parts of measurement. One is AE behavior during the corrosion of the tank bottom specimen. The other is the corrosion behavior of specimens. These two behaviors were estimated using the same specimens under the similar corrosion condition to in-service tank bottom. Figure 1 illustrates the experimental set up for measuring the behavior of corrosion and AE. Table 1 shows the corrosion conditions of specimen and the reference names of each experiment. Effective corrosion area, that is, the area of the plate in contact with the sand was 10 Â 10 cm 2 . Side surface and top surface of the specimen were coated with resin to protect them from corrosion. Specimens were set on neutral sand and loaded by a static stress of 382 Pa, which was estimated from the stress by the load of oil contained in an in-service oil tank of a diameter of 10 m. During the volume expansion of the corrosion product growth, this stress works as a compression stress to the corrosion product. It is considered to make the layer finer to vertical direction and also considered to make the cracking of the layer more active during the growth of corrosion product.
In this experiment, moisture content was controlled to 12% of sand's mass (hereafter, 12 mass%) because it was known that the corrosion rate was very high and the corrosion products had been produced in the largest amount under this condition. [16] [17] [18] [19] [20] The moisture content of sand was defined as the mass ratio of distilled water to the dried sand. The chamber for the corrosion environment was sealed up to retain the moisture. Detailed configurations of the specimen and apparatus for loading are shown in the center of Fig. 1 .
The specimen was prepared from a seriously corroded tank bottom which has been used for decades (hereafter the corroded SS400). From this, it was confirmed that the physical and chemical characteristics of corrosion products on the corroded SS4400 are the same to those of in-service tank bottoms. For the purpose of specifying the AE behavior during corrosion, a non-corroded SS400 plate (hereafter, the sound SS400) was also measured in the same corrosion environment as the corroded one having initially corrosion products. From the comparison of the results from the corroded SS400 and the sound SS400, the AE behavior responding to the corrosion behavior was examined.
There are many affecting factors like metallic condition, acidity, moisture content, temperature, inhibitor and activator, etc. However, it is difficult to consider the influence of these factors at the same time. So, these environmental factors were kept the same condition during this experiment. However, a deeper consideration can be conducted by comparing the results that were obtained during the changing of these environmental factors, with the results in this research.
Measurement of polarization resistance
Electrochemical impedance spectroscopy (hereafter, EIS) was analyzed using Solartron Instruments to estimate the polarization resistance during corrosion. Solartron Instruments are composed of SI 1287 for electrochemical interface and SI 1260 for impedance/gain-phase analyzer with Z-Win and Z-Plot software. Frequency response to an alternating current (hereafter, AC) was measured by a frequency response analyzer (FRA) and plotted as EIS. Applied potential was modulated as sinusoidal signal with a frequency of 0.01 Hz-30,000 Hz within the voltage AE 10 mV. (Refer to Fig. 1 ).
Polarization resistance (Rp) was calculated from the EIS (Nyquist plot). Reciprocal of polarization resistance (Yp) and corrosion current density (i corr ) is given by the equation 
Ã1
The corroded SS400 Ã2 Ã1 It is for a specimen without corrosion productions, non-corroded SS400.
Ã2 It is for a specimen with corrosion products similar to corroded tank bottom, corroded SS400. Ã2 This specimen was prepared from seriously corroded tank bottoms in the field.
Yp ¼ 1=Rp, i corr ¼ K Á Yp respectively. K is the proportional constant determined by the corrosion system. 21) Therefore, Yp means the representative value used for corrosion rate as well as i corr . The corrosion potential (E corr ) was measured with a saturated Ag/AgCl electrode as a reference electrode (R.E.). SUS304 was used as a counter electrode (C.E.). The corrosion state could be estimated from the values of Yp and E corr . Experimental configuration for estimating the corrosion rate is described in detail in the left part of Fig. 1 .
Measurement of AE
A digital AE system, mDiSPÔ with a 4-channel board (Physical Acoustics Corporation Ltd.) and 150 kHz AE sensor of a narrow band was used for acquisition of AE signals. Since this paper was focused on only the corrosion of the tank bottom, the propagation of AE waves was not considered. An AE sensor was set on the top surface of the specimen. Therefore, the AE propagation distance is very short and so the attenuation of AE waves during propagation can be ignored. Furthermore, the 150 kHz sensor used in this experiment has high receiving sensitivity in the range of 30-200 kHz. Hence there is no problem for the measurement of the AE waves having the frequency range from 30 kHz to 200 kHz. AE signal acquisition was performed with a threshold of 37 dB and a sampling rate of 2 MHz.
The AE experimental set-up is described in the right side of Fig. 1 . From the AE waves detected, AE activity was estimated in terms of mean hit rate (hereafter, MHR) during the AE acquisition period. And also MHR is determined by (accumulated hit count)/(acquisition time). An AE signal of which the maximum amplitude was over 37 dB was counted as 1 hit. MHRt (MHR during entire AE acquisition time) and MHR1hr (MHR at every 1hour step) are presented as AE activity values. MHRt is considered to be suitable for estimating the AE activity of which variations are not so drastic as corrosion behavior in neutral sand. MHR1hr is considered to be suitable for estimating the AE activity when variation is drastic. The peak frequency [kHz] of the fast Fourier transformation method and the RMS of AE waves were analyzed. All significant AE waves were classified in terms of the value of the peak frequency and the RMS.
Results and Discussion

Estimation of corrosion rate on the neutral sand
A typical result of EIS by Nyquist plots of the corroded SS400 is shown in Fig. 2 . Rs could be calculated from impedance at higher frequency range of current. (Rp þ Rs) could be estimated from impedance at lower frequency range of current. Therefore, Rp could be calculated from the diameter of the elliptical curve denoted by the dotted line. From Fig. 2 , the equivalent circuit of this corrosion system could be estimated as shown in Fig. 3 , where. Rp is the polarization resistance to the ionic current flow in the SS400 plate during electrochemical reaction, and Rs corresponds to the ohmic resistance to current flow in sand. An electrical double layer which works as condenser was constructed on the contacting surface between the specimen and the sand. And its capacitance (Cdl in Fig. 3) causes the impedance variation which responds to the frequency of the AC. From the phase analysis, the left part of Nyquist plot presented in Fig. 2 , which ranged from 30 kHz to 378 Hz, was considered to be noise due to the deviation of phase.
15) Therefore, it was not considered as important. Phase analysis was conducted from the phase shift which responds to the angular frequency change of AC.
The Yp was calculated from Rp and E corr were also measured directly. The changes of them with the corrosion time are plotted in Fig. 4 . Figure 4(a) shows the result of the corroded SS400. Yp decreased from beginning time to the 100 th hour but E corr did not exhibit any observable change in this time range. From the 200 th hour to the 272 nd hour, Yp suddenly increased while E corr decreased sharply. After the 280 th hour, Yp showed a sudden turn for the decrease while E corr kept decreasing tendency until the 500 th hour. After the 500 th hour, both Yp and E corr did not give a remarkable change until the 1039 th hour. For the prediction of the corrosion state, the behavior of Yp and E corr according to the time can be used as illustrated in Fig. 4(c) . Each corrosion state in Fig. 4(c) can be defined as follows; 1) State A is corrosion acceleration by activation of cathodic reaction. 2) State B corresponds to corrosion acceleration by activation of anodic reaction. 3) State C means corrosion reduction by reduction of cathodic reaction. 4) State D is corrosion reduction by reduction of anodic reaction. These corrosion state representations are defined to specify the corrosion behavior and also the reason of the behavior change.
In Fig. 4(c th hour to the 272 nd hour, i corr increased sharply under State B. This corrosion acceleration is considered to be originated from the lack of electron ion which is associated with the sufficient supply of H 2 O. Therefore, anodic reaction is more activated and this tendency might keep while there is sufficient O 2 . After the 272 nd hour until the 465 th hour, i corr exhibited a sharp decrease according to the movement of corrosion state into State C. This is considered to originate in the lack of O 2 . After the 465 th hour, Yp and E corr increased gradually till the 1000 th hour. After the 1000 th hour, Yp began to decrease. Afterwards, Yp was so low that it was impossible to measure it with the measurement system mentioned in 2.1. E corr did not show observable change during the corresponding period. These results for the corroded SS440 mean that the corrosion system was in the State A. Fig. 4(b) shows Yp and E corr of the sound SS400 according to time. On the first day, Yp of the sound SS400 was only 40% of the corroded SS400's one. Furthermore, Yp and E corr of the sound SS400 continued to decrease gradually according to time. This means that the corrosion state was in the State C and the corrosion rate was very low. This can be explained by the existence of oxide layer on the surface of the sound SS400, which kept the surface of it in a passive state. Therefore, it is considered that the corrosion scarcely progressed. The result of Fig. 4(b) also indicates that it is hardly possible that corrosion product was produced enough to emit AE from the undersurface of the sound SS400 in 900 hours. Figure 5 presents AE activity measured during the corrosion experiment. Here, Fig. 5(a) th day. The AE activity measured on the first day was very high, however it showed sharp decrease until the 82 nd hour (the 3 rd day). In the time range from the 96 th hour (the 4 th day) to the 202 nd hour (the 8 th day), AE activity was very low. Afterward, to the 1039 th hour (the 43 rd day), no AE wave was detected. In this case, there was no corrosion product layer on the surface of the sound SS400. From  Fig. 4(b) , the corrosion rate of the sound SS400 for 41 days was suggested to be very low. Therefore, for first 8 days, the possibility that the corrosion progressed, or that the cracking of the corrosion products layer occurred is extremely low. Therefore, AE waves which were detected from the sound SS400 for first 8 days are considered to originate in the movement of sand which was pressed down by the load. Considering the result of AE activity from the sound SS400, we can guess that the movement of sand was almost settled after 4 days, and was completely stabilized after 8 days. Figure 6 (a) shows the relation between MHR1hr and Yp of the corroded SS400 measured at the same time. MHR1hr and MHRt were used for estimating the AE activity and the Yp was used for estimating the corrosion rate. From Fig. 6(a) , no relation was found between these two factors. However, from Figs. 4(a) and 5(a), it can be noticed that there was a time lag of 22 hours between the times of their maximum peaks. Hence, Yp was compared with MHRt measured 22 hours later. Here, it can be know that AE activities in the period from the first day to the 3 rd day presented in Fig. 5(a) (from the first day to the 8 th day in Fig. 5(b) ) include the false AE signals emitted from the movement of sand. Therefore, MHRt values from the first day to the 8 th day were excluded to confirm that false signals are not included in the values for estimating the relation between Yp and AE activity. Figure 6 (b) shows the relation between Yp and MHRt measured 22 hour later. A proportional relation was found between these two factors, taking into consideration the time lag of AE activity such as MHR1hr and MHRt. MHR1hr measured 22 hours later and Yp tended to the same result. From these results, it is clear that the corrosion rate of the tank bottom in the field can be estimated. From this result, the physical basis for quantitative evaluation of corrosion damage is suggested. As for the further usage of this, the possibility of a quantitative global diagnosis of the corrosion damage in the tank bottoms by AE method was presented.
Analysis of AE activity
Relationship between AE activity and corrosion rate
Pattern and waveform analysis of AE signals and
AE sources. Various AE parameters were analyzed for pattern classification. However, most of AE parameters except frequency and RMS had continuous values. Therefore, peak frequency and RMS were used to classify the AE signals into patterns. Figure 7 shows that AE waves were classified into some patterns using the values of peak frequency and RMS.
AE waves of Group C1 for the corroded SS400 were supposed to be originated from the corrosion. AE waves having high RMS values of Group S2 of the corroded SS400 were considered to be caused by the movement of sand. The reasons of this conclusion are as follows. 1) For both specimens, the decrease of AE waves having a high peak frequency and high RMS is obvious according to the increase of time. 2) After the 8 th day, no AE wave was detected from the sound SS400.
3) The corrosion rate has a maximum value around the 12 th day. 4) The bursting, which was caused by the hydrogen gas generated during the cathodic reaction, happens under low pH corrosion condition and a high corrosion rate in the State A. 15, 16) However, the initial pH of the sand in this experiment was neutral, and the pH of the sand under the specimen was 7-8 when the 1000 hours had passed. Therefore, considering the values of E corr during this experiment from the Pourbaix diagram, the possibilities that hydrogen gas was generated and the bursting happened were very low. 21) 5) At the 12 th day, there was no AE waves due to the movement of sand (refer to 3.2).
Figures 7(a1) and 7(a2) are the AE patterns of the sound SS400, Group S1 and Group S2. These patterns of signals shown in Fig. 7(a1) and (a2) were false signals emitted from the movement of the sand as mentioned in 3.3. Figure 8 shows MHRt of each peak frequency in each experiment. From the Fig. 7(a1) , (a2) and Fig. 8 it can be known that the AE waves having high peak frequencies and high RMS values decreased at the 8 th day. Our both seeing of the Fig. 7(b1) and Fig. 8 leads to that the AE waves from the corroded SS400 on the first day also are included in Group S2. This means that Group S2 of the corroded SS400 on the first day had the false signals emitted from movement of sand as like those of the sound SS400. However, it is possible to find from the Fig. 7(b2) and Fig. 8 that AE waves from the corroded SS400 on the 12 th day are contained in just Group C1, which had 0.0005 RMS and 20-50 kHz peak frequency. These waves were originated in the corrosion as mentioned in 3.3. The reason why the peak frequencies of AE waves from the sound SS400 on the fist day are higher than those of the corroded SS400, is that the corrosion products layer on the corroded SS400 absorbed the high frequency elements of the AE wave. False signals in Group S1 of the sound SS400 had two kinds of waveform, continuous type and burst type. RMS is effective to detect continuous type one. From this fact, false signals of continuous type can be eliminated with classification of RMS from the AE signals due to the corrosion. AE waves due to the corrosion had low peak frequencies, from 25 to 50 kHz. This suggests that the false signals having high frequency can be eliminated from AE signals due to corrosion by means of classification of peak frequency. Therefore, AE waves due to the corrosion are considered to be characterized by RMS and peak frequency. Through this pattern classification, the improvement of S/N rate can be performed.
As an additional experiment, the corroded surface was observed by SEM. Figure 9 shows a SEM micrograph of the corroded surface. Cracking and flaking of the corrosion products layer were observed. According to the growth of corrosion products, two neighboring corrosion product grains would pushed each other. Finally, cracking or flaking occurred when the compressive force became higher than the strength of the corrosion products or the adhesive force of it. This means that AE due to the cracking or flaking on the corroded SS400 might have higher amplitude and can be easily detected. AE activity of the corroded SS400 was actually higher than that of the auxiliary experiment, of which stress was not applied at the same corrosion environment although the detailed result of auxiliary experiment is not presented in this paper. To examine the effect of stress exactly, further work on auxiliary experiment should be corroded SS400(1st day) corroded SS400(12th day) sound SS400(1st day) sound SS400(3rd day) sound SS400(8th day) required.
As the discussion on Fig. 9 , AE waves with high RMS values of Group S2 from the corroded SS400 at the 12 th day are caused by the movement of sand and ones in Group C1 of the corroded SS400 on the 12 th day are supposed to be due to cracking or flaking of the corrosion products. Figure 10 shows an example of typical AE waveform in Group C1, which has a low RMS and its waveform was the burst type and these characteristic of Group C1 can confirm the facts.
Conclusions
The sources of AE due to the corrosion of tank bottoms in the field were examined in this study. During the corrosion experiment, the corrosion rate and AE activity were measured and the relationship between these two factors has been estimated. The results are as follows:
(1) AE waves detected from the corroded SS400 after the 8 th day, at which the corrosion activation state started, were due to the corrosion. A possible AE source is cracking or flaking of the corrosion products layer. The movement of sand due to the growth of corrosion products can also be an AE source due to the corrosion. Characteristics of the AE waves due to the corrosion are: a) Peak frequencies of AE waves were 22-50 kHz. b) Values of RMS were 0.0002-0.0016. c) Its waveform was burst type. (2) There is a positive proportional relationship between the corrosion rate and AE activity due to the corrosion of the corroded SS400 with initial corrosion products on the neutral sand. The results obtained in this study confirm that the active corrosion of SS400 plates in neutral corrosion conditions under load can be detected by the AE method. Furthermore, the corrosion rate of the tank bottoms in the field can also be estimated using this method. AE sources due to the corrosion of tank bottoms were specified and the physical basis for quantitative evaluation of corrosion damage was suggested. As for further usage of these results, the possibility of a global diagnosis technique by AE method for evaluating the corrosion damage in tank bottoms was presented.
